MiR-208a stimulates cardiomyocyte hypertrophy, fibrosis and β-MHC (β-myosin heavy chain) expression, being involved in cardiovascular diseases. Although miR-208a is known to play a role in cardiovascular diseases, its role in cancer and cancer stem cells (CSCs) remains uncertain. We identified an inverse relationship between miR-208a and let-7a in breast cancer specimens, and found that SOX2, β-catenin and LIN28 are highly expressed in patients with advanced breast cancer opposed to lesser grades. Further, we isolated ALDH1+ CSCs from ZR75-1 and MDA-MB-231 (MM-231) breast cancer cell lines to test the role of miR-208a in breast CSCs (BrCSCs). Our studies showed that overexpression of miR-208a in these cells strongly promoted the proportion of ALDH1+ BrCSCs and continuously stimulated Oncotarget 32945 www.impactjournals.com/oncotarget the self-renewal ability of BrCSCs. By using siRNAs of SOX2 and/or β-catenin, we found that miR-208a increased LIN28 through stimulation of both SOX2 and β-catenin. The knockdown of either SOX2 or β-catenin only partially attenuated the functions of miR-208a. Let-7a expression was strongly inhibited in miR-208a overexpressed cancer cells, which was achieved by miR-208a induction of LIN28, and the restoration of let-7a significantly inhibited the miR-208a induction of the number of ALDH1+ cells, inhibiting the propagations of BrCSCs. In let-7a overexpressed ZR75-1 and MM-231 cells, DICER1 activity was significantly inhibited with decreased miR-208a. Let-7a failed to decrease miR-208a expression in ZR75-1 and MM-231 cells with DICER1 knockdown. Our research revealed the mechanisms through which miR-208a functioned in breast cancer and BrCSCs, and identified the miR-208a-SOX2/β-catenin-LIN28-let-7a-DICER1 regulatory feedback loop in regulations of stem cells renewal.
INTRODUCTION
MiR-208a is thought to be mainly expressed in the heart, as a response to stress and hypothyroidism [1, 2] . MiR-208a is encoded by an intron of the alpha-myosin heavy chain (α-MHC) [3] , stimulating cardiomyocyte hypertrophy, fibrosis and β-MHC expression [4] . However, roles of miR-208a in malignancies are still unclear. Recent research focused on human esophageal squamous cell carcinoma and pancreatic cancers revealed oncogenic roles of miR-208a in human tumors; however, the studies did not address the mechanisms through which miR-208a worked in cancer and cancer stem cells (CSCs) [5, 6] . In this study, we focused on the role of miR-208a in promoting breast cancer, especially in terms of its effect on breast cancer stem cells (BrCSCs) self-renewal, and studied the possible mechanisms related to oncogenic miR-208a. A negative feedback loop of miR-208a and its downstream genes was identified in this study, which all play critical roles in the regulation of stem cells renewal.
RESULTS

The correlation between SOX2/β-catenin and LIN28 in clinical breast tumors
We analyzed the expression levels of LIN28, SOX2 and β-catenin in breast cancer samples of different stages from 35 breast cancer patients. The immunohistochemistry results indicated a correlation between the expression of LIN28, SOX2 and β-catenin protein and later-stage breast tumors ( Fig. 1A-1D) . At the mRNA level in breast tumor tissues, a positive correlation was identified between Lin28 and SOX2 as well as between LIN28 and β-catenin, but not between β-catenin and SOX2 (Fig. 1E) Inverse correlation between let-7a miRNA and miR-208a
MiR-208a and LIN28 mRNA were highly expressed in breast cancer tissues, but let-7 was strongly inhibited in breast malignancies ( Fig. 2A) . Higher expression levels of miR-208a correlated with lower expression levels of let-7a mRNA but higher LIN28 mRNA expression (Fig. 2B ).
MiR-208a promotes the self-renewal ability of breast cancer stem cells
To study the function of miR-208a in breast tumors, we first detected the endogenous level of miR-208a in multiple breast cancer cell lines, and found lower miR-208a expression in estrogen receptor positive ZR75-1 and triple negative MDA-MB-231 (MM-231) cells, compared to other breast cancer cell lines (Fig. 3A) . To identify the role of miR-208a in BrCSCs, we used ALDH1-based FACS sorting, where ALDH1+ cells are more capable of self-renewal compared to ALDH1-cells (Fig. 3B-3D ). Overexpression of miR-208a in ZR75-1 and MM-231 (Fig. 3E ) strongly correlates with the high proportion of ALDH1+ BrCSCs (Fig. 3F) . Further, we studied the role of miR-208a on continuously cultured mammospheres as a model, for identifying the capacity of self-renewal; results indicated that miR-208a stimulated the self-renewal ability of mammospheres in up to four generations (Fig. 3G) .
MiR-208a's stimulations of LIN28 functions through promoting SOX2 and β-catenin in BrCSCs
The downstream genes of miR-208a were identified on http://www.TargetScan.com and pasted to the David data base (http://david.abcc.ncifcrf.gov/summary.jsp). We found that miR-208a may stimulate Wnt signaling (Fig. S1A ) and the EMT pathway (Fig. S1B) , with the Wnt signaling pathway being highly predicated (Fig. S1A) . We first checked the increased expression levels of SOX2, β-catenin, and LIN28 in spheres from ZR75-1 and MM-231 cells (Fig. 4A) . To further identify the mechanism of miR-208a in stimulating BrCSCs, we used three pairs of siRNAs of SOX2 and β-catenin. Results showed that miR-208a increased the ratio of ALDH1+ stem cells through increasing SOX2 and β-catenin expression in mammospheres, and then increased E. Relative expression levels of SOX2 and LIN28, β-catenin and LIN28, and SOX2 and β-catenin, with correlation coefficients shown in figure. www.impactjournals.com/oncotarget LIN28 level synergistically (Fig. 4B-4D ). Inhibition of SOX2 or β-catenin effectively weakened miR-208a function, diminished the self-renewal capacity, but not to control levels (Fig. 4E) . In contrast, the combined use of siRNAs of SOX2 and β-catenin almost entirely blocked miR-208a function, and no obvious differences were observed between miR-208a and control group, indicating the combination of SOX2 and β-catenin inhibition were enough and essential to reverse miR-208 function (Fig. 4E) .
LIN28 is a strong transcription factor that promotes self-renewal, multipotent and differentiation, and capable of stimulating the amplification of stem cells group. SOX2 and β-catenin have been shown to stimulate LIN28, exerting oncogenic effects on stem cell renewal. We found that miR-208a increased LIN28 level through stimulation of both SOX2 and β-catenin (Fig. 4B) , and the inhibition of either SOX2 or β-catenin weakened miR-208a function to a certain extent (Fig. 4E) . The combined inhibition of SOX2 and β-catenin showed the same effects as the inhibition of LIN28 did, which suggests that miR-208a functioned through SOX2/β-catenin-LIN28 signaling pathway (Fig. 4F ).
MiR-208a represses mature let-7a expression via stimulation of LIN28
LIN28 is a strong inhibitor of the let-7 family of miRNAs [22] . Mature let-7a/b/d/f were found to have decreased expression in miR-208a overexpressed cancer cells (Fig. 5A) , with let-7a expression being the most strongly inhibited one. The restoration of mature let-7a significantly inhibited the miR-208a induction of the number of BrCSCs, and the same results were observed when LIN28 was silenced using siRNA ( Relative expression levels of let-7a miRNA, miR-208a and LIN28 mRNA in breast cancer specimens, compared to normal tissues. LIN28 abundance was normalized to 18S rRNA. Let-7a and miR-208a levels were measured by TaqMan stem-loop qRT-PCR, and U6 was set as internal control. Data is shown as mean ± SEM. B. Let-7a and miR-208a was inversely correlated in human breast cancer; however, miR-208a and LIN28 are positively related to each other. www.impactjournals.com/oncotarget 
MiR-208a and let-7a form a negative feedback loop via LIN28 and DICER1
It has been reported that LIN28 repressed let-7a maturation, forming a regulatory loop with let-7a directly [22] [23] [24] . We hypothesized that decreased let-7a was required for oncogenic roles of miR-208a in breast cancer stem cells. Mature miRNAs are processed by DICER1 and released to the cytoplasm as a functional unit of the RNA-induced silencing complex (RISC) [25] . As let-7could target at DICER1 as downstream mRNA [26] , we then hypothesized that let-7a may inhibit miR-208a through decreasing DICER1. The overexpression of miR-208a effectively promotes the DICER promoter activity (Fig. 5C) . In let-7a overexpressed ZR75-1 and MM-231 cells, expressions of DICER1 mRNA and miR-208a are significantly decreased (Fig. 5D-5E ). Let-7a also abolished the oncogenic functions of miR-208a in stimulating the self-renewal ability of stem cells (Fig. S2A-S2B ). Let-7a overexpression and DICER1 silencing resulted in miR-208a expression decreasing to a similar level as when either let-7a is overexpressed or DICER1 is silenced (Fig. 5E ). However, let-7a failed to decrease miR-208a expression in DICER1 knockdown ZR75-1 and MM-231 cells (Fig. 5E ). The inhibition of LIN28 abolished miR-208a induction of DICER1 mRNA (Fig. 5F) , and exhibited the same effects on stem cell number as let-7a did (Fig. S2C) . These results indicate that miR-208a increased DICER1 expression through the LIN28-let-7a pathway, and that LIN28 functioned through inhibiting let-7a in mammospheres (Fig. S3) .
DISCUSSION
The role of miRNAs in cancer has been widely explored in the past several years, and many networks involving miRNAs and genes have been established, expanding the understanding of cellular regulation in tumor biology and, adding to the known oncogenic or suppressive signaling pathways [27] . Thousands of miRNAs have been identified since they were first discovered, and miRNAs take part in many physiological functions and pathological reactions. MiR-208a was previously known only with respect to cardiovascular disease, although the oncogenic role of miR-208a was recently tentatively explored in hepatocellular carcinoma and in esophageal tumors, the results were circumscribed and the role of miR-208a in breast cancer or in cancer stem cells is not known. LIN28 is a translational enhancer and transcription factor that forms a trimeric complex with OCT4 on DNA, controlling the expression of a number of genes by increasing the efficiency of protein synthesis [28, 29] . LIN28 suppresses the biogenesis of let-7 miRNAs by specifically recognizing and binding to the motif in the terminal loop of pre-let-7 [30, 31] , and then recruiting the ZCCHC11/TUT4 uridylyltransferase, leading to the terminal uridylation of pre-let-7 [32] .
In this study, we hypothesized that miR-208a may act as oncogene in breast tumor through interacting with LIN28 and let-7a. We then detected the endogenous miR-208a expression level in multiple breast cancer cell lines, and found decreased miR-208a expression in ZR75-1 (ER+) and MDA-MB-231 (triple negative) cells. We then used ALDH1 based FACS sorting and mammosphere forming assays to enrich for BrCSCs. MiR-208a significantly increased the number of BrCSCs, and stimulated their self-renewal ability in continuously cultured mammospheres, strongly suggesting the role for miR-208a in tumorigenesis and malignancy. Through bioinformatic analysis and target gene predication, we hypothesized that miR-208a may stimulate SOX2 and β-catenin to influence the self-renewal ability of stem cells. Although inhibiting SOX2 or β-catenin alone was not sufficient to account for miR-208a's induction of stemness, inhibiting both SOX2 and β-catenin was.
LIN28 is not predicated as a downstream gene of miR-208a, but could interact with SOX2 and β-catenin to play a critical role in promoting pluripotency [23, 33, 34] . Inhibiting SOX2 and β-catenin significantly decreased the LIN28 expression. Increased LIN28 attributed to miR-208a functions through decreasing the expression of mature let-7 miRNAs. The let-7 family is a strong promoter of cell differentiation, governing the normal status of an organism's development, and acting as suppressive miRNAs in tumors [35] . In our studies, we found that miR-208a functioned through promoting LIN-28 via both SOX2 and β-catenin, which eventually inhibited the maturation of let-7a. We also determined that miR-208a and let-7a formed a regulatory loop through LIN28 and DICER1, both of which are crucial regulators in biogenesis in the process of miRNA maturation. Our research revealed the mechanism through which miR-208a may function in malignancy and in CSCs, identifying the miR-208a-SOX2/β-catenin-LIN28-let-7a regulatory feedback loop. Cocktail style of gene regulation is common in pathophysiology performance, and miRNAs may function through interacting with multiple genes, not only by targeting genes that are direct downstream ones, and also indicated that the regulatory effects of miRNA on miRNAs be one of the crucial mechanisms that miRNA may function through.
MATERIALS AND METHODS
Cell culture, transfection, lentiviral infection, luciferase assay and Fluorescence-activated cell sorting analysis
Breast cancer cell lines (MCF-7, T47-D, ZR75-1, HS587-T, BT-20 and MDA-MB-231) and a normal breast cell line (MCF-10A) were purchased from ATCC and kept at the Central Laboratory affiliated to Xi'an Jiaotong University School of Medicine and Center for Translational Medicine of the First Affiliated Hospital of Xi'an Jiaotong University. Breast cancer cells were cultured in DMEM 1x (Cellgro, CORNING, USA) medium, supplemented with 10% ~15% Fetal Bovine Serum (FBS, Gibco, Life Technologies, USA), 1% penicillin and streptomycin (Cellgro, CORNING, USA). ALDH1+ CSCs and mammospheres were cultured in DMEM/Ham's F-12 medium and supplemented with 10 μg/ml epidermal growth factor (EGF, Invitrogen, USA), 10 ng/ml human basic fibroblast growth factor (hbFGF, Invitrogen, USA), 10 ng/ml hydrocortisone (Invitrogen, USA) and 4 μg/ml insulin (Invitrogen, USA) [7] . MCF-10A was cultured in DMEM/Ham's F-12 medium supplemented with 5% FBS (Gibco, Life Technologies, USA), 20 ng/ml EGF, 0.5 mg/ ml Hydrocortisone, 100 ng/ml Cholera Toxin, 10 μg/ml insulin [7] . All cells were cultured in 5% CO 2 at 37°C. Oligonucleotides encoding mature miRNAs (miR-208a, let-7a, scramble control) were synthesized and cloned into the pGLVU6/RFP vector (GenePharma Inc., Shanghai, China). Transfections of siRNAs and luc-plasmids were performed using Lipofectamine 2000 (Invitrogen, USA), and cells of different groups were seeded at 50% confluence in a 24-well plate prior to transient transfection [8] . The activated ALDEFLUOR™ reagent and DEAM (Stem Cell Technologies, USA) were used to isolate ALDH1+ stem cells from breast cancer cell lines [9] [10] [11] , and ratios of ALDH1+ CSCs in different groups were analyzed.
Quantitative real-time PCR and western blot
Clinical specimens were collected from patients of the First Affiliated Hospital of Xi'an Jiaotong University, and informed consent of all patients was obtained, allowing the use of tumor tissues and adjacent normal breast tissue for diagnosis and medical studies. Total RNA was extracted from clinical specimens or cultured cells using Trizol Reagent (Life Technology, USA) [12, 13] . Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to detect miRNA expression levels, and SYBR green was used to detect PCR products; reactions were performed in triplicate using a 25 μl reaction volume [12, 14] . Expression levels were calculated and presented following the 2 -ΔΔCt method (ΔΔCt = ΔCt (positive)-ΔCt (control)) [15, 16] . Total protein was extracted and transferred as previously described [13, 17] . In brief, the membranes were incubated overnight with specific primary antibodies to SOX2 (1:1000, ab92494, Abcam, USA), LIN28 (1:1000, AP1485A, ABGENT, CA, USA), β-catenin (1:2000, ab78483, Abcam, USA), and Vinculin (1:5000, #4650, Cell Signaling, USA). The secondary antibodies were conjugated with HRP (1:5000, Santa Cruz, USA) for 1 h.
Immunofluorescence and immunohistochemical staining
The cells were fixed in 10% formaldehyde for 15 min and then incubated in 1% BSA, 10% normal goat serum and 0.3 M glycine in 0.1% PBST for 1 h to permeabilize the cells and block non-specific proteinprotein interactions. Immunofluorescence staining used SOX2 (1:200, ab92494, Abcam, USA) and LIN28 (1:100, AP1485A, ABGENT, USA); the slide was incubated with a secondary antibody for 30 min with Alexa Fluor ® 488 goat anti-rabbit IgG (H+L) used at a 1/1000 dilution for 1 h at room temperature. Cells were counterstained with DRAQ5 (1:10000; 4084; Cell Signaling, China) to show nuclei. For immunohistochemical staining, paraffin tissue sections were deparaffinized with xylol and then rehydrated in an alcohol gradient and rinsed in deionized water. We chose the high pressure method for antigen retrieval, and then cooled the slides down to room temperature. A 3% hydrogen peroxide solution was used to block the endogenous peroxidase, and then added a resistance after blocking by goat serum. The slides were refrigerated overnight at 4°C, and the slide was incubated with secondary antibody for 60 min the next day [13, 17] .
Sphere-formation assays
After trypsin enzyme digestion, cells were plated in ultra-low attachment dishes (Corning Incorporated, Lowell, MA, USA) without fetal bovine serum, to test their ability to form primary mammospheres. On the eighth day, the sphere number was counted. The mammosphere forming efficiency (MFE) was calculated as the ratio of obtained spheres verses number of plated cells (mean ± SEM) [18] [19] [20] [21] . Obtained mammospheres were disaggregated into single cells using Accutase (StemPro, GIBCO, USA), and then re-suspended to acquire the next generation of mammospheres. Up to four generations of mammospheres were obtained to test the self-renewal ability of BrCSCs.
Statistical analysis
All statistical analyses were performed using EXCEL 2010 (Microsoft, USA). All in vitro experiments were performed in triplicate, and all data were represented as mean ± SEM. Statistical analyses were conducted using Student's t test and Pearson Correlation Coefficient. The statistical significance of each value was set at p < 0.05.
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